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ABSTRACT
Post-starburst (PSB) galaxies may be in rapid transition from star-forming to quies-
cence and are excellent candidates to constrain active galactic nuclei (AGN) feedback
models. We study galactic winds in the stacked spectrum of 560 AGN PSBs and that
of a control sample of star-forming galaxies in the Sloan Digital Sky Survey (SDSS).
Using a two component (inter-stellar +wind) absorption-line model of the Na i doublet,
and after accounting for the stellar photospheric absorption, we find that the AGN
PSBs have a centroid wind velocity shift of −252+64−57 km s−1 and a maximum blueshift
velocity of −678+54−53 km s−1. In comparison, the control sample, which is matched with
the AGN PSBs in redshift, stellar mass, axis-ratio, the 4000 A˚ break index, Balmer
decrement, and WISE 12 µm to 4.6 µm flux ratio, has a centroid wind velocity shift of
−119+33−41 km s−1 and a maximum velocity of −406+51−61 km s−1. The equivalent widths due
to the winds in both samples are similar: 0.36+0.10−0.07 A˚ for the AGN PSBs and 0.24
+0.07
−0.06 A˚
for the control sample. Despite having a higher velocity, the observed winds in the AGN
PSBs are still not powerful enough to sweep significant amounts of gas out of the halos
of the host galaxies. We also detect winds of similar velocities in the stacked spectra
of shocked and quenched PSBs.
Key words: galaxies: active – galaxies: nuclei – galaxies: Seyfert – galaxies: starburst
– galaxies: evolution – galaxies: absorption lines
1 INTRODUCTION
Quenched post-starburst galaxies, also known as K+A
galaxies (e.g., Dressler & Gunn 1983; Goto 2007), have weak
or no on-going star-formation but have unusually large A-
star populations, that are indicative of a recently terminated
starburst. These galaxies may be in transition from the blue
cloud populated by young and star-forming galaxies to the
red sequence inhabited by old and quiescent galaxies, rapid
enough to transition within one billion years. Recent works
(e.g., Wild et al. 2009; Yesuf et al. 2014), having identified
the precursors of these galaxies with AGN or star-formation
activity, have shown that AGNs are more common in these
objects but that there is a significant time lag between the
starburst and the AGN phase. This lag suggests that AGNs
do not primarily quench starbursts. Although PSBs are less
than 1% − 5% of the total galaxy population in current
and early universe, their number densities combined with
their rapid evolution timescale hint that PSBs are important
? E-mail: hyesuf@ucolick.org
channels for the formation of red-sequence galaxies (Wong
et al. 2012; Yesuf et al. 2014; Wild et al. 2016).
Theoretically, post-starburst (PSB) galaxies might be
the aftermath of major mergers in galaxies (Bekki et al.
2005; Hopkins et al. 2006; Snyder et al. 2011). In gas-rich
model mergers, tidal forces channel gas to galaxy centers and
power intense nuclear starbursts and obscured AGN activity
(Barnes & Hernquist 1991; Di Matteo et al. 2005; Hopkins
et al. 2006). After gas has been consumed by the starburst it-
self and/or expelled by stellar feedback (e.g., radiation from
massive stars or supernova explosions) the remnant gas and
dust obscuring the AGN may be cleared out by AGN feed-
back (Hopkins et al. 2006, 2008; Snyder et al. 2011; Hayward
et al. 2014; Ishibashi & Fabian 2016).
Observationally, neutral gas outflows in low redshift z ∼
0.1 AGNs and starbursts have been extensively studied using
Na i 5889.95, 5895.92 A˚ doublet (e.g., Rupke et al. 2005c;
Martin 2006; Krug et al. 2010; Sarzi et al. 2016). There
exist, however, only a few studies of winds in post-starburst
galaxies, and the samples are small (Sato et al. 2009; Coil
et al. 2011; Tripp et al. 2011; Baron et al. 2017). Prior to
this paper, the nature of AGN-driven winds in large samples
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of post-starbursts has not been explored. In the rest of this
section, we briefly review works relevant to galactic winds
detected in absorption.
Krug et al. (2010) studied outflows in 35 infrared-faint
(i.e., low star-forming) Seyferts in an effort to separate the
starburst effects on the winds from the AGN effects. The au-
thors compared the outflow properties of the infrared-faint
Seyferts with those of infrared-bright composite Seyferts in
which both starbursts and AGN co-exist. The wind veloc-
ities of both high and low starforming Seyferts are similar
to those of starburst galaxies. The average wind velocity for
the infrared-faint Seyferts 2 galaxies is vw = −137±8 km s−1.
Likewise, Rupke et al. (2005c) studied a sample of 26 Seyfert
ultra-liminous infrared galaxies (ULIRGs). They found no
significant differences between the velocities of Seyfert 2s,
which are ULIRGs (vw = −456+330−191 km s−1), and starbursts of
comparable infrared luminosities (vw = −408+224−191 km s−1). At
z ∼ 1, Yesuf et al. (2017a) also did not find significant wind
velocity differences between X-ray detected low-luminosity
AGNs and X-ray non-detected star-forming galaxies (see
also Coil et al. 2011; Cimatti et al. 2013).
Similarly, Sato et al. (2009) found Na i outflow speeds
of ∼ 100 km s−1 in ∼ 10 fading post-starburst galaxies with
low-level nuclear activity at 0.1 < z < 0.5. Within a simi-
lar redshift range, Coil et al. (2011) also found low velocity
winds (∼ −200 km s−1) in 13 post-starbursts galaxies by us-
ing near UV Mg ii and Fe ii absorption-lines. In contrast,
Tremonti et al. (2007) observed high-velocity winds (with
median Mg ii velocity of vw ∼ −1100 km s−1) in massive
transitional post-starburst galaxies. In subsequent works,
they argued that these fast outflows are most likely driven
by feedback from extremely-compact, obscured starbursts
rather than AGN (Diamond-Stanic et al. 2012; Geach et al.
2014; Sell et al. 2014). But, it remains possible that the out-
flows were driven by AGN activity that has been recently
switched off. Sell et al. (2014) found low-luminosity AGN in
half of their post-starburst sample.
Alatalo et al. (2016a) studied the strength of Na i ab-
sorption in PSBs which show shock emission-line ratios
(hereafter referred to as shocked PSBs). They found that
these galaxies have significant excess Na i absorption rela-
tive to Mg i b compared to other emission-line galaxies. The
authors speculated that the Na i enhancement may be re-
lated to AGN-driven winds. However, they did not analyze
the Na i profile with a wind model.
In this work, using a simple wind model, we analyze
in detail the Na i profile of post-starbursts, including those
that show AGN or shock signatures in their spectra. We
use high signal-to-noise stacked spectra of a large sample of
post-starburst galaxies and carefully selected control sam-
ples from the Sloan Digital Sky Survey (SDSS). We confirm
that the shocked PSBs have excess Na i absorption but find
that only a small fraction of the absorption is due to wind
absorption.
Chen et al. (2010) have done similar analyses using all
SDSS galaxies. They, however, excluded AGN in their sam-
ple and have not focused on studying winds in post-starburst
galaxies. Nevertheless, for normal SDSS galaxies, they found
that the Na i absorption strength depends strongly on dust
attenuation (AV) and star-formation surface density. But,
the mean outflow velocity does not depend strongly on any
galaxy physical parameters in the limited dynamic range
probed by their study. The strength of Na i absorption near
the systemic velocity also correlates with inclination angles
of galactic disks. Note also that scattered resonant emis-
sion infill of the absorption-line may affect edge-on systems
(Prochaska et al. 2011). Chen et al. (2010) found emission
components on top of Na i absorptions in edge-on galaxies.
We use the inclination angle, dust attenuation, and other
physical quantities as control parameters to isolate the ef-
fect of AGN on the wind velocity and strength.
This paper is different from preceding works for the fol-
lowing reasons : 1) It presents the largest stacked Na i profile
analysis for local PSBs (cf. Sato et al. 2009; Krug et al. 2010;
Coil et al. 2011) 2). It has better matched control samples,
and some of the previous works did not have control sam-
ples at all (cf. Sato et al. 2009; Coil et al. 2011). 3) It is
focused on PSBs or AGN PSBs. Our analysis and method
are similar to Chen et al. (2010) but these authors excluded
AGNs, and studied mainly non-post-starburst galaxies. Very
recently, Nedelchev et al. (2017) studied ∼ 9900 Seyfert 2
galaxies (most are not PSBs) in SDSS but only 53 Seyferts
show winds in Na i absorption. We, however, detect winds
in stacked spectra AGN (Seyfert) PSBs, implying that the
winds are ubiquitous. A detailed comparison of our work
with Nedelchev et al. (2017) will be a subject future paper.
This paper is organized as follows: section 2 presents
the sample selection of post-starbursts and their control
sample. In section 3, we present our results and analyses
of how we stack the spectra and fit a stellar population
synthesis model and a simple wind model to the stacked
spectra. Section 4 discusses the H i mass implied by the
inter-stellar medium (ISM) component of Na i profile, the
wind mass outflow rate inferred from the wind component
and the ionized wind velocity and outflow rate detected
using O iii emission in the stacked spectrum of AGN PSBs.
Section 5 presents the main conclusions of the paper. A
wavelength measured in air (not vacuum wavelength) is
given throughout the paper. For notational convenience,
we express the percentiles as ± deviations from the median
from now on. For instance, X+Y−Z denotes that X is the
median, X + Y is the 84th percentile and X − Z is the 16th
percentile. For a Gaussian density function, Y and Z equal
to its standard deviation.
2 SAMPLE SELECTION
2.1 Post-starburst Selection
The data for post-starburst and control samples come from
the Sloan Digital Sky Survey (SDSS, Alam et al. 2015). We
use the SDSS measurements for physical quantities such as
stellar masses and spectral indices in the publicly available
Catalog Archive Server (CAS) 1.
Following Goto (2007), we define quenched PSB galax-
ies as objects with Hδ absorption above 5A˚, and O ii and
Hα emission below 3A˚. Similarly, we define AGN PSBs as
objects with Hδ absorption above 5A˚ that are classified as
1 http://skyserver.sdss.org/casjobs/
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Figure 1. Hδ absorption equivalent width versus Hα emission
equivalent width. The colorbar show the number density of the
SDSS galaxies above log M (M) > 10 at z = 0.05− 0.25. The red
points at the bottom right corner are recently quenched PSBs
(N = 447), defined using the cuts denoted by the broken lines
and with the additional cut of O ii < 3A˚ (cf. Goto 2007). The
orange squares are active galactic nuclei post-starbursts (AGN
PSBs, N = 560), which are identified as AGN using the BPT
emission-line ratio diagnostic.
AGN based on the BPT line ratio AGN diagnostic (Bald-
win et al. 1981; Kewley et al. 2001; Kauffmann et al. 2003).
Specifically, we use the bptclass=4 flag in the galSpecEx-
tra2 catalog, which identifies well-measured, strong, AGN
(excluding low ionization emission-line galaxies, LINERs).
In both quenched and AGN PSB selection, we require the
Hδ absorption be measured above 2σ, the median signal to
noise of the spectra be at least ten and the redshift range
be z = 0.05 − 0.25. We exclude broad-line AGNs by requir-
ing the velocity dispersion measured simultaneously in all of
the Balmer lines to be below 200 km s−1. The presence of a
broad-line AGN complicates the stellar population model-
ing, and existing models, including the one use in this pa-
per, do not properly model galaxies that host broad-line
AGNs. Figure 1 shows the two post-starburst samples on
Hδ absorption versus Hα emission equivalent width space.
PSBs deviate from the locus of normal galaxies when their
star-formation quenches rapidly. The stacked spectrum of
quenched PSBs is shown in Figure 2.
With the above criteria, we select 447 quenched PSBs
and 560 AGN PSBs. We adopted a simple, albeit incom-
plete, post-starburst AGN selection compared to that of
Yesuf et al. (2014) because our analysis is based on stacked
spectra, and the selected samples will likely characterize well
the average properties of the samples. This simplified ap-
proach was also adopted in Alatalo et al. (2016a), which
motivated this follow-up work. We show in the Appendix
that restricting the AGN PSB sample to Hδ above 6A˚, in
order to increase the purity of the sample, does not change
our conclusions. We also stack the spectra of 1060 shocked
PSBs identified by Alatalo et al. (2016a) and analyze their
Na i profile to study their wind properties.
2 http://www.sdss.org/dr12/spectro/galaxy mpajhu/
2.2 Control Sample Selection
Star-formation rates (SFRs), viewing angles and dust prop-
erties of galaxies affect the profile shapes of the Na i doublet
(Chen et al. 2010). We control for these effects and isolate
the AGN effect for a given target AGN PSB (or shocked
PSB), by selecting its counterpart using the criteria listed
below.
A control galaxy is :
1. purely star-forming and does not have emission-line
ratios indicative of AGN
2. within stellar mass |∆ logM(M)| < 0.1 of the target
3. within redshift |∆ z | < 0.03 of the target PSB
4. within axis-ratio |∆ b/a| < 0.1 of the target PSB
5. within bulge fraction |∆ f racDev | < 0.3 of the target
6. within 4000 A˚ break |∆Dn(4000)| < 0.2 of the target
7. within Balmer decrement |∆Hα/Hβ | < 1 of the target
8. within WISE 12 µm to 4.6 µm flux ratio |∆ f12/ f4.6 | <
0.2 of the target PSB
Accurately estimating the SFR of an AGN-host galaxy
is challenging since the Hα is contaminated by the AGN.
Dn(4000) and f12/ f4.6 are crude star-formation rate indica-
tors on longer time scales that also work for AGNs (Brinch-
mann et al. 2004; Donoso et al. 2012). For the dust-free
Case B recombination, the Hα/Hβ ratio is 2.86 for star-
forming galaxies and 3.1 for AGNs. Our seventh matching
criterion, |∆Hα/Hβ | < 1, is crude to accommodate such sub-
tle differences between AGN PSBs and their control galaxies.
Since the SDSS fiber does not entirely cover a galaxy, the
Hα/Hβ ratio reflects the central dust attenuation. To assess
the global dust attenuation, we adopt global f12/ f4.6 WISE
ratio, although the dust heating mechanisms in PSBs are
not well understood.
About 98% of the AGN PSBs have at least one control
match that satisfies the above criteria. If an AGN PSB has
more than three matches, we randomly select only three of
them. About 95% of AGN PSBs have three random matches
that satisfy the above criteria. Figure 3 shows the resulting
distributions for stellar mass, axis ratio, redshift, Dn(4000),
Hα/Hβ and f12/ f4.6 of the AGN PSBs and their control
sample. There are reasonable agreements between the dis-
tributions of the two samples. Similarly, about 90% of the
shocked PSBs also have at least one match that satisfies
the above criteria and have distributions that are in good
agreement with their control sample.
3 ANALYSIS & RESULTS
3.1 Coadding Spectra
To coadd the logarithmically-binned, observed, SDSS spec-
tra of PSBs or their comparison samples, each spectrum is
shifted to its rest frame wavelength and is normalized by the
mean flux in the wavelength range 5445 – 5550A˚ in logarith-
mic space. The rest-frame spectra are then interpolated on a
logarithmic wavelength grid with bin ∆λ = 10−4 dex, which
is the same as the pixel spacing of the observed spectra. The
observed fluxes at a given wavelength bin of the rest-frame
spectra are then co-added and divided by the sample size
to get the mean stacked spectrum. The standard errors of
the mean spectrum are estimated using a bootstrap scheme.
MNRAS 000, 1–15 (2017)
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Namely, we repeat the aforementioned stacking procedure
500 times by resampling with replacement a subset of indi-
vidual spectrum with equal size as the original sample. The
standard deviation of the mean-normalized fluxes of all 500
composite spectra in a given wavelength bin is the error of
the mean normalized flux at that given bin.
3.2 Stellar Continuum Modeling
It is well known that the Na i 5889.95, 5895.92 A˚ doublet
arises due to photospheric stellar absorption and inter-stellar
medium (ISM) absorption. To account for the stellar absorp-
tion, we fit our stacked spectra using a publicly available pe-
nalized pixel fitting (PPXF) code (Cappellari & Emsellem
2004; Cappellari 2017). After masking out spectral regions
potentially affected by major emission-lines, the code deter-
mines the optimal linear combinations of single stellar pop-
ulation model templates from Vazdekis et al. (2010). The
templates are based on the MILES library and have spec-
tral resolutions comparable to the observed spectra.
In addition to the lines in the code’s default line list,
we have masked skyline regions 5577, 6300, and 6363A˚ and
nebular lines, Ne iii 3869, He ii 4685, N i 5197, He i 5876,
and Ar iii 7136A˚. The Na i 5889.95, 5895.92 doublet is also
masked out because it has a substantial residual that was
not fit by the stellar population templates due to inter-
stellar absorption. We use 12th-order additive polynomial
corrections for the spectral shape of the stellar templates.
Although the continuum fit parameters are not unique
and the continuum modeling is degenerate, the model,
nevertheless, does a good job of reproducing the stellar
absorption-lines and the continuum shape. We have tried
varying the continuum fitting parameters and learned that
our main conclusions are not impacted by these variations.
For the purpose of the current work, the continuum model
is adequate. Figure 2 illustrates continuum fit for the
stacked spectrum of quenched post-starbursts. The stellar
population model fits the data well but there is a residual
Na i absorption, which we will later interpret as interstellar
and galactic wind absorptions. We will present the analysis
of the Na i profile with a wind model later.
3.3 Simple Wind Model
To fit the residual Na i 5889.95, 5895.92 A˚ absorption profile
after renormalizing by the stellar continuum fit, we adopt
the partial covering wind model of Rupke et al. (2005a).
Similar models are used in recent works (Sato et al. 2009;
Chen et al. 2010; Rubin et al. 2014; Yesuf et al. 2017a). Due
to the limitations of observational data to fully constrain
the wind model, the following simplifying assumptions were
customarily made in previous works and are also used in this
work: 1) The covering factor of the wind is independent of
velocity. 2) The absorption-line profile shape is due entirely
to the absorption of the stellar continuum. Scattered emis-
sion infill may, however, also affect the absorption profile.
This effect is expected to be small because most galaxies in
our samples have face-on orientation (Chen et al. 2010). 3)
Two absorption components, an ISM component centered at
zero velocity and a wind component, are sufficient to charac-
terize the observed absorption-line profiles. This assumption
may result in inaccurate column densities and line widths, if
the profiles are composed of multi-components from multi-
ple clouds but should usefully compare the strength and flow
velocity of the Na i absorption profile across different galax-
ies. 4) The velocity distribution of absorbing atoms within
a component is Maxwellian, so that each absorption optical
depth is modeled as a Gaussian τ(λ) = τce−(λ−λc )2/(λc b/c)2
where τc is a central optical depth at the line center (λc),
c is the speed of light, and b =
√
2σ is the Doppler param-
eter. This assumption is likely to be an over-simplification,
but is reasonable given that the observed shape of the ab-
sorption trough is strongly influenced by the instrumental
resolution. 6) Following Chen et al. (2010), the width of the
ISM component (i.e., its Doppler parameter) is assumed to
be the same as that of the of He i 5876 A˚ emission-line. This
line is, thus, fitted simultaneously with Na i absorption-line,
assuming both have a Gaussian shape. The covering fraction
is known to be degenerate with the column density. We do
not aim to constrain these two values independently.
With this simple model, the renormalized flux can be
described as a product of the line intensity of the galaxy
component and of the wind component. Each component
has the form 1−C(1−e−τ(λ)). C is the covering fraction. One
can express the centroid wavelength, λc , in terms of centroid
velocity v = c(λc − λ0)/λ0, where λ0 is the rest wavelength
of the transition. For the galaxy component, λc = λ0 (i.e.,
no velocity shift). The central optical depth is expressed in
terms of the column density (N), oscillator strength ( f0), and
b using the relation τc = 1.45 × 10−15λ0 f0N/b for N in units
of cm−2, λ in A˚ and b in km s−1. For Na i λ0 = 5895.92 A˚, f0
is 0.64 and for Na i λ0 = 5889.95 A˚ f0 is 0.32.
The eight free parameters of this two component model
are: the covering fractions of the wind (Cw) and of the ISM in
the galaxy ( Cg), the velocity centroid shift of the wind (vw),
the Doppler parameters of the wind (bw) and of the ISM
(bg), column densities of the wind (Nw), and of the gas in the
galaxy (Ng), and the amplitude of the He i 5876 A˚ emission-
line (Ag). The doppler width of the He i line is assumed to
be the same as that of the ISM. The model is convolved with
the instrumental resolution and interpolated to the observed
wavelength bin to match the observed data before comparing
the two.
The model is fit to the data using a Bayesian method
with custom Python code (Yesuf et al. 2017a). The pos-
terior probability densities (PDFs) of the model param-
eters were computed using the affine-invariant ensemble
Metropolis-Hastings sampling algorithm (Foreman-Mackey
et al. 2013) assuming uniform priors: Cw = Cg = (0.01, 1),
vw = (−1000, 250) km s−1, bw = bg = (20, 300) km s−1, and
log Nw = log Ng = (12, 15.5) cm−2. Even though, for simplic-
ity, we referred to vw as a wind velocity, a priori it can also
be infall velocity. The priors encompass the ranges of pre-
viously measured wind parameters in local galaxies (e.g.,
Rupke et al. 2005c; Martin 2006; Chen et al. 2010). To com-
pute the likelihood of the data given the model parameters,
we assumed that each data point is drawn from independent
Gaussians centered around the model profile with a disper-
sion given by the measurement errors. This is equivalent to
assuming a χ2 distribution for the sum of squares of nor-
malized flux differences between the model and the data.
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Figure 2. The stacked spectrum of 447 quenched post-starbursts (black) fitted with a stellar population synthesis model (red). Quenched
PSBs are characterized by strong Balmer absorption-lines such as Hδ 4102. The observed stellar continuum is well fit by stellar population
model but there is residual Na i absorption due to interstellar and galactic wind absorption. Characterizing such Na i residual in post-
starburst galaxies is the subject of this work. The O ii 3727 & N ii 6583 emission-lines are due to LINER like emission and are perhaps
related to weak AGN in these galaxies. Note that the Na i doublet is a resonant line arising from the ground state (0.0→ 2.1 eV) while
the Mg i triplet arises from a transition between excited states (2.7→ 5.1 eV). The latter is, thus, not observed in the cold neutral ISM.
3.4 Wind properties of AGN PSBs, Shocked
PSBs, and Quenched PSBs
The top panel of Figure 4 compares the stacked spectra of
AGN PSBs and their control sample before they were re-
normalized with a stellar population model fit to account
for stellar absorption. The bottom panels of Figure 4 show
the zoomed-in portion around Na i before and after the re-
normalization. The observed Na i profiles of the two sam-
ples are similar but there is a significant difference at the
high velocity tails. Figure 5 shows that, overall, the stacked
spectrum of AGN PSBs are well fit by the stellar popula-
tion model. The stellar population model, however, does not
fully account for the observed Na i absorption, which in ad-
dition is affected by the inter-stellar and wind absorptions.
The bottom panel of Figure 5 shows the the residual Na i
profile, after re-normalizing by stellar population model fit,
and the resulting fit of the ISM+Wind model.
Figure 6 is similar to Figure 5 but shows the corre-
sponding plots for the control sample of AGN PSBs. Fig-
ure 7 shows similar plots for the shocked PSBs studied by
Alatalo et al. (2016a). Figure 8 portrays the results of the
ISM+Wind model for the quenched PSBs.
Table 1 summarizes the results of fitting the two compo-
nent model to the residual Na i profiles, after re-normalizing
by stellar population model fit. The winds in AGN PSBs
and shocked PSBs have significantly higher centroid veloc-
ities (& −250 km s−1) and maximum velocities (vw − 2σw &
−650 km s−1, where σw = bw/
√
2 is the velocity dispersion of
the wind) than those in their control samples (centroid veloc-
ities ∼ −150 km s−1and maximum velocities (∼ −400 km s−1).
However, as we will discuss in detail in the next section,
all winds are too weak to be associated with rapid quench-
ing of star-formation in PSBs. The equivalent widths due
to the winds are similar in AGN PSBs (0.36+0.10−0.07 A˚) and
in the control sample (0.24+0.07−0.06 A˚) while the ISM contribu-
tion to the total equivalent widths is higher in the AGN
(0.65+0.07−0.09 A˚) than in the control sample (0.30
+0.06
−0.08 A˚). Sim-
ilarly, for the shocked PSB sample of Alatalo et al. (2016a),
the ISM equivalent width is much higher than the wind
equivalent width. The quenched PSBs, interestingly, have
persistent winds similar in velocity to those in AGN PSBs.
The wind equivalent width is 0.19+0.05−0.04 A˚. It is also about
half of the ISM component.
The Hα/Hβ ratios are not well measured in quenched
PSBs, and their WISE 12 µm to 4.6 µm flux ratios are also
not easy to interpret. So we tried to construct a control
sample for quenched PSBs following section 2.2 but with-
MNRAS 000, 1–15 (2017)
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Figure 3. The density distributions for the control sample selection parameters for AGN PSBs and their control sample. In an attempt
to isolate the AGN effect and account for SFR, viewing angle, and dust absorption effects, a control sample is constructed by matching in
stellar mass, axis-ratio, redshift, 4000 A˚ break, Hα to Hβ flux ratio, and WISE 12 µm to 4.6 µm flux ratio. The Dn(4000) does not much
well but the scatter in Dn(4000) versus specific star-formation relation is larger than difference (Brinchmann et al. 2004). The next figure,
will show that the Hα emissions in the AGN PSBs and the control sample are on average comparable, implying that the instantaneous
SFRs of AGN PSBs are similar to that the control sample or even lower. Note that the control galaxies are not necessarily PSBs without
AGNs. The result of such control sample are discussed in the appendix.
out these two quantities and we do not detect winds in the
control sample.
4 DISCUSSION
We analyze the Na i profile in stacked spectrum of 560
post-starburst (PSB) galaxies which exhibit emission-line
ratios of AGN and in the stacked spectrum of their con-
trol sample. We detect a wind with a centroid velocity of
−252+64−57 km s−1and a maximum velocity of −678+5453 km s−1in
the AGN PSBs. We detect a lower velocity wind in the con-
trol sample. We also detect winds in shocked PSBs (Alatalo
et al. 2016a) and quenched PSBs (e.g., Goto 2007; Yesuf
et al. 2014). In this section, we discuss the H i mass implied
by the ISM component of Na i profile and the wind mass
outflow rate inferred from the wind component. As a com-
parison to the neutral gas outflow detected in Na i absorp-
tion, we also discuss the ionized wind velocity and outflow
MNRAS 000, 1–15 (2017)
Weak Winds in AGN PSBs 7
4000 4500 5000 5500 6000 6500 7000
Rest wavelength (A˚)
1
2
3
4
5
N
or
m
al
iz
ed
flu
x
Control stacked data
AGN PSB stacked data
5860 5870 5880 5890 5900 5910
Rest wavelength (A˚)
0.85
0.90
0.95
1.00
1.05
1.10
1.15
N
or
m
al
iz
ed
flu
x
Na doublet as observed
Before stellar pop. fit
He I
Na I
Control data
AGN PSB data
−1500 −1000 −500 0 500 1000Velocity (km/s)
5860 5870 5880 5890 5900 5910
Rest wavelength (A˚)
0.85
0.90
0.95
1.00
1.05
1.10
1.15
R
e-
no
rm
al
iz
ed
flu
x
Observed/stellar pop. model
He I
Na I
Control data
AGN PSB data
−1500 −1000 −500 0 500 1000Velocity (km/s)
Figure 4. Comparison of the stacked spectra of post-starburst AGNs with a well-matched control sample in quantities shown in Figure 3.
Overall, the continua of the two samples agree well but, as expected, the emission-line ratios are different because of AGN activity or
lack thereof. From the strength of the Hα emission-line, one can infer that AGN PSB have lower star-formation rates than the control
sample. So, any excess in wind velocity in these galaxies must be associated with AGN. The continuum around 4000 A˚ is higher in AGN
PSBs than in the control sample likely due to the larger fraction of intermediate age stars following the recent starburst. The bottom
panels show zoomed-in portion around Na i absorption before and after re-normalization by the stellar population synthesis model. The
Na i absorption profiles of the AGN and of the control sample are nearly identical. An excess, high-velocity-tail is apparent in the AGN
profile and it will be quantified in the next figures.
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Figure 5. The stacked spectrum of post-starburst AGN are fitted with a stellar population synthesis model and are continuum re-
normalized by the fit. Then, the re-normalized spectra around Na i are fit by a two component ISM+Wind model. There is excess
Na i absorption unaccounted for by stellar photospheric absorption. In the bottom panel, the data are shown as black dots with their
2σ bootstap error bars. The red curve shows the median two component model and the pink shading denotes bands spanned by 500
random draws from the posterior probability density functions (PDFs) of the model. The blue and orange curves represent the median
wind and ISM component respectively before the model is convolved with instrumental resolution. We infer a wind centroid velocity of
−252+64−57 km s−1and maximum velocity of −678+5453 km s−1. The equivalent width of the ISM component is 0.65+0.07−0.09 A˚ while that of the wind
component is 0.36+0.10−0.07 A˚. Note that the He i 5876 nebular emission is fit together with the absorption-line. Details of the wind model
and its other parameter estimates can be found in the text and Table 1.
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Figure 6. Similar to Figure 4, but here we stacked spectrum of the control sample of post-starbursts analyzed with a wind model
after re-normalizing it with a stellar population synthesis model. The inferred centroid and maximum velocities are −119+33−41and
−406+51−61 km s−1respectively. The equivalent width of the ISM component is 0.30+0.06−0.08 A˚ while that of the wind component is 0.24+0.07−0.06 A˚. The
centroid wind velocity and maximum velocity in the stacked spectrum of AGN PSBs are significantly higher than those in the control
sample.
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Figure 7. Similar to Figure 4, but here the stacked spectrum of shocked post-starbursts studied by Alatalo et al. (2016a) are analyzed
with a wind model after re-normalizing it with a stellar population synthesis model. Unlike the AGN PSB (Seyferts) in Figure 4, the
shocked PSB include LINERs and composite galaxies in the BPT AGN diagnostic. Alatalo et al. (2016a) reported that the shocked
PSBs have excess Na i; here we attempt to provide insight on the source of Na i absorption in these galaxies. The estimated centroid and
maximum velocities are −355+140−278and −722+146−298 km s−1respectively. The equivalent width of the ISM component is 0.67+0.04−0.06 A˚ while that of
the wind component is only 0.14+0.06−0.04 A˚. The wind velocity, and the wind and ISM equivalent widths are similar to those of AGN PSBs
in Figure 5. Details of the wind and ISM properties of the control sample are given in the text.
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Figure 8. The Na i profile fit of the quenched PSB stacked spectrum shown in Figure 2. A persistent wind with a velocity of
−355+113−98 km s−1is detected. As discussed in the text, the strong ISM component implies that ∼ 108 − 109 M H i gas may still be present
in these recently quenched galaxies.
Table 1. Wind model parameter fits to Na i profiles. The parameters of the model are: the covering fractions of the wind (Cw) and of
the ISM in the galaxy (Cg), the velocity centroid shift of the wind (vw), the Doppler parameters of the wind (bw = σw/
√
2) and of the
ISM (bg), column densities of the wind (Nw), and of the gas in the galaxy (Ng), and the amplitude of the He i 5876 A˚ emission-line
(Ag). The maximum velocity is defined as vw − 2σw . We use the notation X+Y−Z to denote the median as X, the 84th percentile as X +Y
and the 16th percentile as X − Z.
Model Parameters AGN PSBs ←→ Control Shocked PSBs ←→ Control Quenched PSBs
Cw 0.2+0.2−0.1 0.09
+0.17
−0.06 0.2
+0.2
−0.1 0.1
+0.1
−0.1 0.2
+0.2
−0.2
vw (km s−1) −252+64−57 −119+33−41 −355+140−278 −90+52−119 −355+113−98
bw (km s−1) 307+28−44 206
+31
−34 288
+45
−89 212
+28
−67 324
+20
−45
log Nw (cm−2) 12.5+0.4−0.2 13.0
+0.6
−0.5 12.3
+0.5
−0.2 12.4
+0.6
−0.3 12.5
+0.6
−0.3
Cg 0.3+0.2−0.1 0.2
+0.2
−0.1 0.08
+0.02
−0.01 0.05
+0.07
−0.01 0.2
+0.2
−0.1
bg (km s−1) 204+6−7 166
+4
−4 152
+11
−8 145
+2
−2 219
+19
−21
log Ng (cm−2) 13.0+0.3−0.2 12.7
+0.4
−0.3 13.6
+0.1
−0.1 13.4
+0.4
−0.3 12.9
+0.4
−0.3
Ag 0.076+0.002−0.002 0.078
+0.002
−0.002 0.050
+0.006
−0.003 0.115
+0.001
−0.001 0.002
+0.003
−0.001
Derived quantities AGN PSBs ←→ Control Shocked PSBs ←→ Control Quenched PSBs
vmax,w (km s−1) −678+54−53 −406+51−61 −722+146−298 −402+49−48 −778+88−122
WindEq.Width (A˚) 0.36+0.10−0.07 0.24
+0.07
−0.06 0.14
+0.06
−0.04 0.11
+0. .09
−0.06 0.19
+0.05
−0.04
ISMEq.Width (A˚) 0.65+0.07−0.09 0.30
+0.06
−0.08 0.67
+0.04
−0.06 0.24
+0.06
−0.06 0.44
+0.04
−0.07
rate detected using O iii 4959, 5007 A˚ emission in the stacked
spectrum AGN PSBs.
4.1 The Inferred HI Gas Mass in PSBs is ∼ 109 M
There is no definitive observational evidence to constrain
whether the quenching of star-formation in PSBs is driven
by mechanisms such as AGN feedback, which results in com-
plete removal or destruction of cold gas (Hopkins et al. 2006)
or other mechanisms such as morphological quenching (Mar-
tig et al. 2009) that do not require such gas depletion. Ex-
isting observations indicate that some PSBs have significant
amounts of cold gas (e.g., Buyle et al. 2006; Zwaan et al.
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2013; Rowlands et al. 2015; French et al. 2015; Alatalo et al.
2016b; Yesuf et al. 2017b)
In this section, we discuss the H i mass estimate of post-
starbursts based on the ISM component of Na i absorption.
We find a crude gas mass estimate of ∼ 0.6 − 6 × 109 M
in PSBs, which is consistent with measurements of Zwaan
et al. (2013). The authors studied H i gas in 11 quenched
PSBs z ∼ 0.03 and found that at least half of the PSBs have
detectable H i gas reservoirs. The H i-detected PSBs have
gas fractions similar to those observed in the most gas-rich
early-type galaxies and the most gas-poor late-type galaxies
(Catinella et al. 2012). For their sample, the mean H i gas
to stellar mass MH i/M? ∼ 0.03 and MH i ∼ 2 × 109 M.
As shown in the equations below, the total mass of
atomic hydrogen, MH i, in a PSB galaxy with radius Rg can
be estimated from the inferred Na i column density, NNa i ,
using the absorption-line modeling with some simplifying as-
sumptions. Estimating the hydrogen gas column, NH i, from
NNa i requires knowing the abundance ratio of Na relative to
hydrogen, NNa/NH, the fraction of Na in gas phase, fNa,gas,
(i.e., not depleted onto dust grains), and the fraction of neu-
tral sodium, NNa i/NNa.
MH i = mpNH ipiR
2
g
= 6.2 × 108M
(
NH i
2.5 × 1020 cm−2
) (
Rg
10 kpc
)2 (1)
NH i = 2.5×1020cm−2
(
NNa i
1013
) (
2 × 10−6
NNa/NH
) (
0.2
NNa i/NNa
) (
0.1
fNa,gas
)
(2)
where mp is the mass of a proton. The mean r-band Pet-
rosian radius enclosing 90% of the light is 9.8 kpc for our
AGN PSBs. We assume a solar abundance ratio NNa/NH =
2 × 10−6 (Savage & Sembach 1996). Using the local mass-
metallicity relation (Tremonti et al. 2004), for the typical
galaxy mass in our sample, the mean oxygen gas abundance,
12 + log(O/H), of our sample is ∼ 9.1 and the typical 1σ
scatter of the relation is ∼ 0.15 dex. Therefore, the average
gas phase metallicity of our sample is slightly higher than the
assumed solar value of 8.7. This implies that the actual NH
is lower. In the cool (103 K) diffuse interstellar cloud toward
ζ Oph in the Milky Way, the fraction of Na in gas phase is,
fNa,gas ∼ 0.1 (Savage & Sembach 1996). We assume a sim-
ilar value for our galaxies. The first ionization potential of
sodium is 5.1 eV and neutral Na i is likely not the dominant
ionization state. Even in infrared luminous Seyfert galaxies
such as Mrk 273 and Arp 220, in which dust shielding is likely
important, the fraction of neutral sodium is, NNa i/NNa ∼ 0.2
(Murray et al. 2007). As the dusty starburst evolves, the
NNa i/NNa may become much smaller. If the NNa i/NNa is
between 0.02 – 0.2, in PSBs, our estimated column densi-
ties in Table 1, for the above assumptions, imply H i mass of
∼ 0.6−6×109 M in AGN PSBs and quenched PSBs. In com-
parison, a typical, normal, quiescent galaxy with stellar mass
of 5 × 1010 M has an atomic gas of . 2 × 109 M (Catinella
et al. 2012). So, based on our estimate, it is very uncertain
to conclude whether or not the PSBs have already achieved
gas contents similar to quiescent galaxies. In general, the
molecular hydrogen mass in a galaxy is about three times
lower than the atomic hydrogen gas mass. So, our H i mass
estimate is consistent with the measured molecular gas mass
range ∼ 108 − 1010 M of PSBs (Yesuf et al. 2017b; Alatalo
et al. 2016b; French et al. 2015).
4.2 Small Mass Outflow Rate in PSBs
For a partially-filled wind of a thin shell radius Rw subtend-
ing a solid angle Ω, the mass of the wind can be expressed
as (Rupke et al. 2005b):
Mw = ΩµmpNH iR
2
w
= 1.4 × 108 M
(
CΩ
0.4
Cf
) (
NH i
2.5 × 1020 cm−2
) (
Rw
10 kpc
)2 (3)
where µmp is the mass per particle and µ = 1.4 is a correction
for He abundance in the outflow and Ω4pi = CΩCf . CΩ is the
large-scale covering factor related to the opening angle of
the wind, while Cf is the local covering factor related to the
clumpiness of the wind.
The mass outflow rate of such a wind is:
dMw/dt = Mwvw/Rw
= 3Myr−1
(
CΩ
0.4
Cf
) (
NH i
2.5 × 1020 cm−2
)
×
(
Rw
10 kpc
) (
vw
200 km s−1
)
For the wind parameter estimates in Table 1, the mass out-
flow rate in AGN PSBs and quenched PSBs is ∼ 0.2Myr−1.
At this rate, within 1 Gyr, only a small fraction of the total
H i mass of a starburst would be expelled. In other words, the
winds are too weak to have an effect on the gas in the star-
burst. Either the starburst has consumed most of the gas,
or, perhaps, a quasar wind which we are not probing has
already cleared out the gas, or substantial gas will remain in
these galaxies. All we can firmly constrain at the moment is
that the low ionization neutral gas winds in these particular
(AGN) PSBs are weak.
The mass outflow rate in the comparison sample is ∼
0.1Myr−1 and is smaller by about a factor of two. Given
the substantial uncertainties in estimating the mass outflow
rates, this difference is likely not significant. In the above
estimate, we used the average wind velocity. But, note that
even though the maximum velocity of AGN PSBs is higher
than that of the control sample by about a factor of 1.7,
using the maximum velocity instead does not increase the
mass outflow estimate since the column density decreases
exponentially and is lower by a factor of 7 at the maximum
velocity.
Finally, we note that our assumption of a 10 kpc scale
wind is not unreasonable since Martin (2006) has found Na i
absorption that extends 4 –18 kpc in several ultra-luminous
infrared galaxies (ULIRGs). Rupke & Veilleux (2015) have
reported a ULIRG that has Na i wind emission that extends
at least 3 kpc.
4.3 Similarly Low, Ionized-Gas Outflow Rate is
Detected in Emission in AGN PSBs
As discussed in detail in Yesuf et al. (2017b), AGN winds
detected in emission lines of ionized gas have been exten-
sively studied (e.g., Liu et al. 2013; Harrison et al. 2014;
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Figure 9. The O iii 4959, 5007 doublet is simultaneously fit with two component Gaussians. The doublet width for each component is
the same and its amplitude is fixed to 2.99:1 ratio. The component shown in orange is consistent with zero shift while the one shown in
blue is shifted by ∼ −200 km s−1and has a velocity dispersion of ∼ 400 km s−1.
Zakamska & Greene 2014; McElroy et al. 2015; Harrison
et al. 2016). But, only very few works have studied AGN
winds in both emission and absorption in the same galaxies
(Rupke & Veilleux 2013). PSBs have not been studied this
way at all. Baron et al. (2017) recently reported the first
evidence of AGN-driven wind using nebular emission-lines
in a quiescent post-starburst galaxy. But, this galaxy does
not have Na i absorption. The authors measured blue-shifted
emission-lines with a mean −130 km s−1, with a velocity dis-
persion of ∼ 570 km s−1, and a mass outflow rate of at least 4
Myr−1. The wind properties of this PSB are very different
from our absorption-line based inference. Specifically, our
modeling results in a velocity dispersion of ∼ 190 km s−1and
an inferred outflow rate of ∼ 0.2Myr−1. One may wonder
whether the Baron object is very unusual – after all, this
object was found as an outlier galaxy by an anomaly de-
tection algorithm – or if the wind properties in absorption
and emission are different. Similar to Harrison et al. (2014),
we simultaneously fit the O iii doublets with two Gaussian
components (for each doublet member) + a linear contin-
uum (slope and intercept). The centroid of the Gaussian for
each component is constrianed to shift by the same amount
for the doublet. The width of the doublet for a given com-
ponent is kept the same, and the flux ratio of the doublet
was fixed to be 2.99. The model has eight free parameters: 3
parameters for each Gaussian component characterizing its
amplitude, centroid shift and dispersion, and the slope and
the intercept of the line. The model is fit using Levenberg-
Marquardt least square minimization (using the Python lm-
fit package) to determine the parameters that minimize the
difference between the model and data normalized by the
bootstrap errors.
One of the Gaussian components has a velocity shift
consistent with zero while the other has a velocity shift
of −205 ± 54 km s−1and the Doppler parameter of 572 ±
53 km s−1(or a velocity dispersion of 404 ± 37 km s−1). While
the emission-line velocity shift is consistent with absorption-
line centroid velocity shift (−252+64−57 km s−1), its Doppler
parameter is significantly higher than that of the Na i
absorption-line (307+28−44 km s
−1). The Doppler parameter for
the static component is 197±23 km s−1, which, as expected, is
comparable to the velocity dispersion of the ISM component
(204+6−7 km s
−1) of the absorption-line model. The halo escape
velocity is about six times the velocity dispersion (Weiner
et al. 2009). Therefore, most of the wind mass detected ei-
ther in emission or absorption cannot escape. The relative
amplitude of O iii 5007 A˚ for the static component is 2.4±0.4
and for the wind component is 0.3 ± 0.1. The quality of the
data does not allow a similar two component analysis to be
conducted for the control sample or shocked PSBs and their
control sample.
Assuming solar metallicity, and that most of the oxygen
in the ionized outflow is in the form of O+2, the mass out-
flow rate of the ionized spherical outflow can be estimated
from O iii 5007 A˚ emission-line luminosity (Cano-Dı´az et al.
2012):
Mw = 5.7 × 107 M
(
C
1
) (
LO iii
1044erg s−1
) (
103cm−3
〈ne〉
)
(4)
dMw/dt = 3Mwvw/Rw
= 164M yr−1
(
C
1
) (
LO iii
1044 erg s−1
) (
103 cm−3
〈ne〉
)
×
(
vw
103 km s−1
) (
1 kpc
Rw
) (5)
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where 〈ne〉 is the volume averaged electron density and it is
on the order of 103 cm−3 in AGN (e.g., Perna et al. 2017),
and C = 〈ne〉2/〈n2e〉. The mean total O iii 5007 luminosity
of our sample is LO iii = 6 × 1040 erg s−1, and less than half
( 0.3×5722.4×197 = 0.36) of this luminosity is due to the wind. Even
if we take the average velocity to be vw = −205 − 404 =
−609 km s−1, the wind radius to be 1 kpc, and 〈ne〉 to be 100
cm−3, the ionized mass outflow rate is still . 0.3M yr−1.
Therefore, it is very small and is not inconsistent with our
Na i absorption based estimate.
5 CONCLUSIONS
Using a stellar population synthesis model and a simple
ISM+wind model, we analyze the Na i absorption profiles in
the stacked SDSS spectra of several hundred post-starburst
(PSB) galaxies at z ∼ 0.1. Our main conclusions are the
following:
• In the stacked spectrum of AGN PSBs, we detect a wind
with a centroid velocity of −252+64−57 km s−1and a maximum
velocity of −678+54−53 km s−1. The equivalent width of the wind
is 0.36+0.10−0.07 A˚, about a factor of two smaller than the equiv-
alent width due to the ISM absorption in the host galaxy.
• Statistically, the centroid wind velocities in AGN PSBs are
about two times higher than those in the control sample,
which are matched in stellar mass, axis-ratio, redshift, 4000
A˚ break, Hα to Hβ and WISE 12 µm to 4.6 µm flux ratios.
The control sample has a wind with a centroid velocity of
−119+33−41 km s−1, a maximum velocity of −406+51−61 km s−1, and
a wind strength of 0.24+0.07−0.06 A˚.
• We confirm the excess Na i absorption in shocked PSBs re-
ported in Alatalo et al. (2016a). But, most of the absorption
is likely due to ISM, not to wind absorption. The centroid
wind velocity is −355+140−278 km s−1and the maximum velocity
is −722+146−298 km s−1.
• We detect a wind in the stacked spectrum of quenched
PSBs, which has a centroid velocity of −355+113−98 km s−1, a
maximum velocity of −778+88−122 km s−1, and a wind strength
of 0.19+0.05−0.04 A˚.
Despite the significant difference in the wind velocities
of AGN PSBs and that of their control sample, the winds in
these AGNs are estimated to be too weak to remove most of
the cold gas in their host galaxies and thereby cause rapid
quenching. Future high signal-to-noise individual spectra
of AGN PSBs will be useful to confirm our results and
further investigate the dependence of wind properties on
AGN strength.
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6 APPENDIX
6.1 Wind in Hδ > 6 A˚ AGN PSBs
The clustering of points around Hδ > 5 A˚, in Figure 1, sug-
gests some of the AGN PSB candidates that overlap with
normal star-forming galaxies, may not be (strong) PSBs. In
Figure 10, we show that if we restrict our AGN PSB sample
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Figure 10. The Na i profile fit for the AGN PSBs with Hδ > 6 A˚.
The estimated centroid and maximum velocities are −197+64−65and
−556+67−76 km s−1respectively. The equivalent width of the ISM com-
ponent is 0.6+0.1−0.2A˚ while that of the wind component is 0.5
+0.2
−0.1A˚.
Regardless of how the AGN PSBs are defined the winds in these
galaxies are weak.
to those with Hδ > 6 A˚, we get similar wind velocities and
strength presented in section 3.
6.2 Winds in Hδ > 5 A˚ Control Sample
AGN PSBs are defined to have Hδ > 5 A˚. But in our con-
trol sample selection criteria, we have also included control
galaxies with Hδ > 5 A˚. Perhaps one may suspect that galax-
ies with Hδ > 5 A˚ may have unusual properties unrelated to
AGN that affect their Na i profiles. In this section, we con-
firm that the wind properties of the control sample with Hδ
> 5 A˚ are similar to that of the control sample presented in
the main text. Therefore, for galaxies that have Hδ > 5 A˚
(i.e., PSBs) having AGN in the galaxies boosts the mean
and the maximum velocities by a factor of 2. But the AGN
winds are still weak. Figure 11 shows the Na i profile fitting
results of the control sample with Hδ > 5 A˚.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure 11. The Na i profile fit for the control sample of
AGN PSBs. Unlike the corresponding control sample in the
main text, the plotted control sample has Hδ > 5 A˚. The
estimated centroid and maximum velocities are −121+22−22and
−377+21−24 km s−1respectively. The equivalent width of the ISM com-
ponent is 0.42+0.05−0.06 A˚ while that of the wind component is
0.37+0.06−0.05 A˚. The wind velocity, the wind and ISM equivalent width
(EW) are similar to the control sample in the main text. This re-
sult indicates that the difference in wind velocities between the
AGN PSBs and the control sample is due to AGN and is not
likely due to a starburst related effects.
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